In most studies of tritrophic interactions, the effect of plants on predators is confounded with changes in prey and predator behaviors after an encounter event. Here, we estimate how the effect of plants on prey distribution (in the absence of the predator) and on predator foraging behavior (in the absence of prey) may influence predation rate of Orius insidiosus (Say) (Heteroptera: Anthocoridae) in 11 plant by prey species combinations. The within-leaf distributions of O. insidiosus and its prey overlapped most on bean plants. The predator's foraging behavior (e.g., walking speed, turning rate) also differed among plant species. Simulations, using the prey distribution data and predator's foraging patterns on leaf surfaces of each plant species, show that, overall, the searching efficiency of O. insidiosus was higher on leaves of bean and corn than of tomato. However, the predator's searching efficiency was not consistent within plant species. Thus, the combined effect of plants directly on the predator and indirectly through the prey influenced the predator's searching efficiency.
Introduction
High searching ability is considered to be one of the most important attributes of an effective natural enemy (Huffaker et al., 1976) . Much attention has been devoted to the influence of prey density and distribution on foraging behavior of predators (Holling, 1961; Hassell, 1978; Luck, 1985) . However, predators may also be influenced by characteristics of their prey's food plants (Bergman & Tingey, 1979; Carter et al., 1984; Kareiva & Sahakian, 1990; Rapusas et al., 1996) . Leaf texture may influence the searching behavior and distribution of predators. Further, variations in plant nutritional quality and allelochemical content may be important for predators that derive moisture and nutrients from plants, such as many heteropteran species (Barber, 1936; Dicke & Jarvis, 1962; Ridgway & Jones, 1968; Salas-Aguilar & Ehler, 1977; Kiman & Yeargan, 1985; Coll, 1997) . In addition to their direct effects on predators, plants influence natural enemies indirectly by altering the density and distribution of prey. To gain a mechanistic understanding of predator-plant interactions, we need to distinguish between such direct and indirect effects. It is difficult, however, to quantify these effects of plants because prey may change its behavior and distribution in the presence of natural enemies (Gross, 1993; Persson, 1993; Coll & Izraylevich, 1997) and predators often change their searching behavior after encountering a prey item (Dixon & Russel, 1972; Brunner & Burts, 1975; Evans, 1976; Shields & Watson, 1980) .
Results from a companion study show that the prey's food-plants have a significant effect on both functional and numerical responses of the predator Orius insidiosus (Say) [Heteroptera: Anthocoridae] to its prey (Coll & Ridgway, 1995) . However, this effect of plants is confounded with prey behavior. Data indicate that thrips-prey change their within-plant distribution when the predator forages the plants (Coll & Izraylevich, 1997) . It was of interest, therefore, to test whether changes in the post-encounter distribution and behavior of predator and prey have an overriding effect on the influence of plants on predator's efficiency.
In the study reported here we estimated how the effect of plants on prey distribution (in the absence of the predator) and on predator foraging behavior (in the absence of prey) influence predation rates in eleven plant by prey species combinations. Specifically, interactions between O. insidiosus and five of its prey species were investigated on three plant species, sweet corn [Zea mays (L.) (Boddie) eggs] were quantified on the three plant species, in the absence of the predator (O. insidiosus). Next, the predator's within plant distribution and searching behavior were recorded on different plants, in the absence of prey. Then, for each prey species, the effect of the plants on the predator's searching efficiency was estimated through simulations. For each plant species we asked whether: (i) the distribution of O. insidiosus parallels that of its prey, (ii) O. insidiosus tends to search more intensively areas that would harbor prey, independently of the presence of prey, and (iii) variations in prey distribution and predator foraging behavior on different plants are strong enough to influence the predator's searching efficiency.
Materials and methods

Plants and insects.
The three plant species [sweet corn (var. 'Silver Queen'); lima bean (var. 'M-15'); and tomato (var. 'Mountain Pride')] were grown in the greenhouse. Field-collected adult O. insidiosus were used to establish a laboratory colony. The colony was maintained at 251 C, 75%5 r.h., and L16:D8 and was fed eggs of the Angoumois grain moth, Sitotroga cerealella (Olivier). Thrips, spider mites, whiteflies, and aphids were obtained from greenhouses and fields near Beltsville, Maryland, USA. H. zea was obtained from a laboratory colony (D. W. Perkins, Tifton, GA, USA).
Prey and predator distribution. On each plant species, we recorded the within-leaf distribution of spider mite, thrips, and H. zea eggs. We introduced adult spider mites and thrips separately onto intact caged host leaves at low (ca. 10 insects per leaf in bean, terminal leaflet in tomato, or leaf section in corn) and high ( 50 per leaf, leaflet, or leaf section) densities [completely randomized design with four replicates]. Six hours later, we recorded the distribution of each prey species on the leaf structure of their host plants. We selected leaf structures of similar areas (26.13.5 cm 2 ). To attain H. zea eggs on each plant species, two female moths (mated, 2-5 day old) were offered intact leaves that were inserted through holes in ventilated clear plastic cages [one plant species per cage; randomized complete block design with three replicates]. On the next morning, the females were removed and the within-leaf location of each deposited eggs was recorded. The distributions of whitefly and aphid were recorded on naturally-infested tomato and corn leaves, respectively (7 corn leaf sections and 6 tomato terminal leaflets). The resulting distribution maps were used to simulate the predator's searching efficiency on the three plant species (see below).
To determine the within-leaf distribution of O. insidiosus eggs, we released five mated predator females (ca. 5 day old) on a caged, prey-free, intact leaf of each plant species. The females were offered prey (S. cerealella eggs) and water on the cage floor. Forty-eight hours later, we removed the females and recorded the position of laid eggs. We repeated the experiment ten times in a randomized complete block design.
We recorded the distribution of O. insidiosus adults (5 days old) and of young (first instars, 1 day old) and old (fourth instars, 7 days old) predator nymphs on prey-free leaves of the three plant species. We caged adults and nymphs individually on intact leaves and recorded their position three times at hourly intervals. We repeated the experiment, in a completely randomized design, 10, 15, and 25 times for adults and for young and old nymphs, respectively.
Adult predator activity and foraging behavior. We recorded the activity of O. insidiosus adults (ca. 5 day old) on prey-free caged leaves of the three plant species (five adults per leaf per replication). The experiment was conducted at peak foraging activity of O. insidiosus, between 10:00 and 13:00 h. After 10 min of acclimation and three times at hourly intervals, we scored the activity of each adult as walking, resting (without probing the plant), or probing the leaf. The experiment was repeated seven times (for a total of 35 adults per plant species) in a randomized complete block design.
We recorded the foraging behavior of adult O. insidiosus (ca. 5 day old; 12 h post-feeding) on prey-free leaves, leaflets, and leaf sections of bean, tomato and corn plants, respectively, using a video recording system. The area of leaf structures used in the experiment was similar in the three plant species (25.40.7, 28.11.3, and 24.90 .4 cm 2 for one leaf surface of tomato, bean, and corn, respectively). We placed adult predators individually on a leaf and after ca. 15 min recorded their walking behavior for approximately 40 s. We placed the leaves on a rack that allowed the predators free access to both leaf surfaces and recorded the predators' behavior on the lower leaf surface with the aid of a mirror. After recording, we traced the walking path onto transparencies from a monitor screen. On the path, we noted the predator's location every 5 s and used a map measurer to compute the insect-'s walking speed (from distance traveled in 5 s). We also quantified the number of hair-pin turns ( 135 o ) performed per second and the proportion of the insect-'s searching time spent on or near (one Orius-bodylength) leaf veins. Although leaf veins were about three times longer in bean and tomato than in corn leaves, there was no need to correct the time-spent-near-vein data because corn veins were about three times wider than those of bean and tomato (i.e., the veins occupied about the same area in the three studied plants). The experiment was repeated five times in a completely randomized design.
Simulated searching efficiency of O. insidiosus. We used the prey distribution maps and predator's walking paths to simulate the prey encounter rate of O. insidiosus on each plant species. To obtain the encounter rates for each prey species by host plant combination, we superimposed the transparencies with the marked predator walking paths onto the prey distribution maps and recorded the number of prey encountered by the predator in 30 s. We used only cases where the contours of the leaves used to record the predator's walking path roughly matched those used in the prey distribution maps. We scored an encounter when the predator's walking path passed over or near (one-Orius-bodylength) a prey. We performed a total of 10 to 34 simulations for each plant by prey species combination. We used the prey encounter rate to estimate the predator's searching efficiency, E, by: E=N a /N , where, N a is prey encountered per time unit and N is prey density (Hassell, 1978) .
The spatial association between prey distribution and predator search was examined in two ways: (1) the predator's searching efficiency was correlated with prey density. In the absence of constraints imposed by handling time and potential predator satiation, the searching efficiency of the predator is expected to be independent of prey density; (2) We computed the frequency distribution of simulations in respect to the number of prey encountered in 30 sec. If prey distribution and predator search do not overlap spatially, low encounter rate should be found in a relatively high proportion of the simulations.
Data analysis. We used ANOVAs and Fisher's protected least significant difference tests (Steel & Torrie, 1980; SAS Institute, 1988) to analyze data. When needed (Levene's test; Milliken & Johnson, 1984) , error variances were homogenized by data transformation before analyses. Unless noted differently, tests of significance used a probability level of 0.05. We report back-transformed means and one standard error of the means.
For each prey by plant species combination, we used a linear regression model (PROC REG; SAS Institute, 1988) to test the relationship between the predator's searching efficiency (and prey encounter rate) and prey density. We used a linear model because the simulated encounter rate of O. insidiosus does not consider factors, such as predator satiation, handling time, and learning, that may be responsible for the often reported type-II functional response in O. insidiosus (McCaffrey & Horsburgh, 1986; Saucedo-Gonzalez & Reyes-Villanueva, 1987; Isenhour & Yeargan, 1981a, b; Isenhour et al., 1989 : Coll & Ridgway, 1995 .
Results and discussion
Prey and predator distribution. Most prey inhabited the under leaf surface (67.6, 69.3, and 91.4% on bean, tomato, and corn leaves, respectively; Figure 1 ). Prey were more evenly distributed on both leaf surfaces in tomato and bean plants (Figure 1 ) because proportionately fewer thrips inhabited the lower leaf surface of tomato and bean than of corn plants (Table 1 ; F 2;9 =151.17, P=0.0001).
Overall, the distributions of the prey and of the feeding stages of O. insidiosus (nymphs and adults) overlapped most on bean plants (1.09 proportion of predators/ proportion of prey on lower leaf surface). On tomato and corn the degrees of overlap were lower (0.78 and 0.76, respectively). Only in bean did all life stages of O. insidiosus occur on the leaf surface where prey would be more abundant (the lower surface, Figure 1 ). In tomato and corn, the predator shifted its distribution during development (from upper to lower leaf surface in tomato and the opposite in corn). Most adult predators (about 80%) inhabited the underside of the leaves of bean and corn whereas most adults were recorded on the upper leaf surface in tomato (65%; Figure 1 ). In the absence of prey, the within-leaf distribution of O. insidiosus eggs differed among plant species. Whereas about 50% of the eggs in tomato were found in the petiolules, most eggs were laid in the mid-veins of bean leaves and in the leaf laminae of corn (Table 2) . It seems that the predator does not tend to deposit its eggs in places that are likely to harbor its preferred prey, thrips (Isenhour & Yeargan, 1981b; Riudavets, 1995) . In corn, O. insidiosus deposited almost 90% of its eggs on the upper surface of leaves where only 9% of all prey and 1.4% of thrips occurred (Table 1; Figure 1 ). Likewise in bean and tomato, almost all predator eggs were deposited on the lower leaf surface where only about one third of the thrips occurred. Young predator nymphs were more abundant on the leaf surface where O. insidiosus eggs were laid (i.e., lower surface in bean and tomato and upper surface in corn; Figure 1) . Probably, the high mobility of O. insidiosus nymphs favors oviposition in leaf structures that maximize egg survival even when only a few prey could be found nearby. Similarly in tomatoes, predator adults were more abundant on the upper leaf surface whereas their prey inhabited primarily the under leaf surface. It seems that on tomato, the predator and its prey responded differently to plant leaf structures. Therefore, in the absence of prey, the predator's within-leaf distribution differed among plant species and was not necessarily associated with potential prey occurrence. Adult predator activity and foraging behavior. Orius species have been reported to feed on plant resources (Barber, 1936; Dicke & Jarvis, 1962; Ridgway & Jones, 1968; Salas-Aguilar & Ehler, 1977; Kiman & Yeargan, 1985; Coll 1996) . In this study, about 40% of the adults on bean and tomato were observed probing the plants (Figure 2 ). In corn, however, only about 7% of the adults probed the leaves (Figure 2 ). It seems therefore that in the absence of prey, corn leaves were less attractive than bean and tomato foliage as a food source for adult predators (F 2;12 =7.97, P=0.006). Adult foraging behavior differed significantly among plant species (Figure 3 ), but not between leaf surfaces within plant species. Walking speed was significantly higher on bean than on corn or tomato (Figure 3A) ; adults made significantly fewer hair-pin turns on corn than on the other two plant species ( Figure 3B) ; and adults devoted about half of their searching time to the vein area on bean and tomato leaves but only 15% of their time on corn ( Figure 3C ). The walking speed we recorded for O. insidiosus on tomato and corn (ca. 12 cm per min) is similar to that of O. tristicolor (White) on cotton (12.3 cm per min; Shields & Watson, 1980 ). The differences in the foraging behavior of O. insidiosus on different plant species could be attributed to variation in leaf pubescence (with bean and tomato having the lowest and highest trichome density, respectively) and to the higher tendency of adult predators to probe the veins of bean and tomato leaves. searching efficiency on corn could be attributed to the greater proportion of thrips encountered by the predator on corn than on tomato or bean plants (respectively, 0.250.03, 0.160.03, and 0.160.04; F 2;79 =3.70, P=0.029) . This variation in searching efficiency may be attributed to the different thrips species that inhabit corn and bean and tomato plants, or to changes in thrips distribution among plant species, irrespective of thrips species.
Because the simulation excluded constraints imposed by handling time and predator satiation, the searching efficiency of the predator is expected to be independent of prey density if predator search is independent of prey density. Indeed, non-significant correlations between predator searching efficiency and prey density were found in eight of the eleven studied prey by plant combinations (Figure 4) . However, the predator's searching efficiency was correlated negatively with the density of H. zea eggs on corn (y=0.40-0.01x, R 2 =0.58, P=0.001) and spider mites on bean (y=0.29-0.01x, R 2 =0.16, P=0.055), and positively with the density of H. zea eggs on tomato (y=0.09+0.01x, R 2 =0.24, P=0.056). Within-plant species, a change in the predator's searching efficiency with the increase in prey density probably reflects changes in the distribution pattern of the prey because the searching behavior of the predator was kept constant for each plant species in our simulation (i.e., no changes in the searching behavior in response to the identity or density of the prey). Thus, a decrease in searching efficiency, found in spider mites on bean and H. zea eggs on corn (Figure 4 ), suggests that with the increase in density, and probably the depletion of preferred feeding sites, these prey colonized leaf areas that are less likely to be searched by the predator. The opposite appears to be the case for H. zea eggs on tomato leaves (Figure 4 ) -with the increase in egg density, H. zea females tended to deposit their eggs in leaf areas which are more likely to be searched by the predator.
To further assess the spatial association between prey distribution and predator search, we computed the percentage of simulations in which zero, one, two, three, four, five, or more than five prey items were encountered. We used only data from the low density simulations, when prey presumably had the opportunity to colonize only the preferred feeding sites, and present here the results for the three prey species that inhabit all three plant species (i.e., spider mites, thrips, and H. zea eggs) as well as for all five prey species. For all prey species, results show that only in about 8% of the simulations no prey was encountered on bean ( Figure 5 ). On tomato, however, the predator did not encounter any spider mites, thrips, and corn earworm eggs in about 25, 50, and 37% of the simulations, respectively ( Figure 5 ). Data therefore suggest that prey distribution and predator search overlap the most on bean and the least on tomato foliage. Data also show that the predator's encounter rate varied among prey within host plants as well as for the same prey species across host plants. For example, in 56% of the simulations of spider mites on corn, the predator encountered 1 or 2 prey items in 30 s. On the same plant species, however, in a similar percent of simulations (53%), the predator encountered 3 or 4 thrips in 30 s ( Figure 5 ). Likewise, simulated encounter rate differed for the same prey on different host plants. For example, on average, the predator encountered 0.6, 2.2, and 2.9 thrips in 30 s. on tomato, bean and corn, respectively. Similarly, 0.7, 1.3, and 2.3 H. zea eggs were encountered on tomato, bean, and corn leaves, respectively ( Figure 5 ).
Conclusions
Results indicate that the distributions of both predator and prey differed among plant species and overlapped most on bean plants. Also, the plants altered several components of the predator's foraging behavior. In turn, these effects influenced the predator's searching efficiency, which was estimated to be higher on bean and corn than on tomato. However, the predator's searching efficiency was not consistent within plant species. Thus, the combined effect of plants directly on the predator and indirectly through the prey influenced the predator's searching efficiency. O. insidiosus attains high population densities in bean and corn (Coll & Ridgway, 1995) . In corn, the predator is an important mortality factor of corn earworm, corn leaf aphid, and corn thrips as well as of eggs and neonates of the European corn borer (Ostrinia nubilalis Hübner) (Barber, 1936; Dicke & Jarvis, 1962; Isenhour & Yeargan, 1981c; Coll & Bottrell, 1991 , 1992 . Although a high degree of predator-prey spatial overlap and a high predator searching efficiency were estimated on bean plants, a change in the predator's foraging behavior after encountering prey, reported in other anthocorid predators (Dixon & Russel, 1972; Brunner & Burts, 1975; Evans, 1976; Shields & Watson, 1980) , may affect predation rates on various plant species. Nonetheless, much like the results in the present study, O. insidiosus preyed upon a higher proportion of thrips on bean than tomato plants (corn was not tested; Coll & Ridgway, 1995) . It appears therefore that the after-encounter changes in the behavior and distribution of O. insidiosus and its prey did not override the effect plants have on prey distribution and predator foraging. If a predator prefers a particular prey species, it may have adapted its foraging strategy to the distribution of this prey on various plant species. In contrast, different prey may be preferred on various plant species, depending on plant characteristics. These scenarios may lead, respectively, to prey or host-plant specificity in generalist predators.
Although the degree of predator-prey spatial overlap and predator searching efficiency differed greatly among plant species, these laboratory-obtained results should be viewed in the proper context. The action sites of the interactions between O. insidiosus and its prey may not all occur on the leaves, the site studied here. In early-season corn, much of the interactions between thrips and O. insidiosus occur inside the whorl (Coll & Bottrell, 1991) . Likewise, the primary action site for the interactions between H. zea eggs and O. insidiosus is the leaf surface during the whorl stage but it shifts to the silk during the plants' flowering stage. Other factors in the field may also influence prey intake by O. insidiosus. The availability of corn pollen as food source for the predator (Coll & Bottrell, 1992) , and prey factors, such as chemical cues, prey defense, and spider mite webbing, may all influence predation rate. Still, the results presented here, in conjunction with a companion study, illustrate the importance of direct effects of plant leaf characteristics on predator-prey interactions -post-encounter changes in predator and prey behaviors did not override the effects of plants on predator efficiency.
